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(c.f.u.) of V586 was resuspended in 200 pi of TE buffer. Serial dilutions of 1:1, 1:2.5, 1:5, 
1:10 and 1:20 were made in TE buffer and 5jil aliquot* representing the DNA 
concentrations 875 ng, 700 ng, 350 ng, 1 75 ng arid 87.5 ng were subjected to 40 cycles of 
PCR amplification with the primer pair LI (5 ' -GGAGGACTAACTATC AAGAATATT 
CGTAC-3') and Rl (5'-CAGAACGTACGTTATCCCCaCTAACCACAGGA-3'). This 
primer p3ir amplifies a 2.4-kb region spanning the deletion site only in strain V583. The 
lowest concentration of V 583 template that resulted in a detectable product under the PGR 
conditions used was 175 pgof template (equivalent to DNA from approx. 2.2 X 10 7 cf.u.). 
A detectable amplification product of similar intensity was obtained from 175 ng of V586 
DNA (equivalent to DNA from approx. 2.2 x 10* c.f.u.), demonstrating that the frequency 
of deletion of the 17,036-bp DNA segment from V586 is approximately 1 in 10 3 cells. 

Quantitative PCR to determine the frequency of deletion of the entire PAl was done 
essentially as described above using primer pair PAl 164 (S'-ATCCCATGTTCAGC 
GAAGTTGCCAATTATC-3' ) and PA1167 (5 ' -GCrcAlHTATTATCGTrCrCAGC 
AATCGCC-3' ). The lowest concentration of OG 1 DNA (which lacks the PAl) that resulted 
in an amplified product of 2, 1 2 1 bp was 20 pg (equivalent to DNA from 2 X 1 0* cf.u.). No 
amplified product was detected when up to 2 jig (equivalent to DNA from 2 X 10 7 cf.u.) 
of genomic DNA from V583, V586 or MMH594 was used as template, indicating that 
deletion of the entire PAl in these strains occurs at a frequency of less than I in 10 s cells. 
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Complications of atherosclerosis are the most common cause of 
death in Western societies 1 . Among the many risk factors ident- 
ified by epidemiological studies, only elevated levels of lipo- 
proteins containing apolipoprotein (apo) B can drive the 
development of atherosclerosis in humans and experimental 
animals even in the absence of other risk factors 2 . However, the 
mechanisms that lead to atherosclerosis are still poorly under- 
stood. We tested the hypothesis that the subendothelial retention 
of atherogenic apoB-contai ning lipoproteins is the initiating 
event in atherogenesis 3 . The extracellular matrix of the subendo- 
thelium, particularly proteoglycans, is thought to play a major 
role in the retention of atherogenic lipoproteins 4 . The interaction 
between atherogenic lipoproteins and proteoglycans involves an 
ionic interaction between basic amino acids in apoBlOO and 
negatively charged sulphate groups on the proteoglycans 5 . Here 
we present direct experimental evidence that the atherogenicity 
of apoB-containing low-density lipoproteins (LDL) is linked to 
their affinity for artery wall proteoglycans. Mice expressing 
proteoglycan-binding-defective LDL developed significantly 
less atherosclerosis than mice expressing wild- type control 
LDL. We conclude that subendothelial retention of apoBlOO- 
containing lipoprotein is an early step in atherogenesis. 



Table 1 Mutants of the human apoBlOO gene 

Recombinant LDL LDL receptor binding 


Proteoglycan binding 


Control 


Normal 


Normal 




Defective 


Normal 




Defective 


Defective 


K-C133 — • E 


Normal 


Defective 


6-G3SM 


Defective 


Defective 
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To investigate the potential importance of LDL binding to artery 
wall proteoglycans in atherogenesis, we created transgenic mice 
expressing five types of human recombinant LDL (Table 1), fed 
them an atherogenic diet (1.2% cholesterol, 0.5% cholic acids, and 
18% fat) for 20 weeks, and quantitated the extent of atherosclerosis. 
The first transgenic mouse line expressed human recombinant 
control LDL*. The second transgenic mouse line expressed recom- 
binant LDL with a tyrosine substituted for tryptophan-4369 in 
apoBlOO (W 4369 — » Y), causing a conformational change that dis- 
rupts LDL- receptor binding but does not affect the interaction with 
proteoglycans 5 . The ability to discriminate between proteoglycan- 
binding activity and LDL-receptor-binding activity was important 
because the principal proteoglycan-binding site coincides with the 
LDL-receptor-binding site in apoBlOO 6 . 

The third transgenic mouse line expressed recombinant LDL in 
which the basic amino acids in the proteoglycan-binding site of 
apoB (residues 3359-3369) were converted to neutral amino acids: 
arginines to serines and lysines to alanines (R>K- J 35 9 _3 36 9.— ♦ S,A) 6 . 
The fourth expressed human recombinant LDL in which lysine 3363 
in apoB was changed to glutamic acid (K 3363 — * E), which severely 
impairs the interaction with artery wall proteoglycans without 
affecting LDL-receptor-binding activity 5 . 

The fifth line expressed 6-GBSM (six glycosaminoglycan binding 
sites mutated) LDL, created by mutating the six carboxy-terminal of 
the eight glycosaminoglycan -binding sequences identified in de- 
lipidated apoB100 7J9 . Although residues 3359-3369 are the primary 
site for the interaction of native LDL with proteoglycans 5 , modifi- 
cation of the LDL might expose other proteoglycan-binding sites. In 
all constructs* a leucine was substituted for glutamine-2153 to 
prevent the formation of apoB48 (ref. 10). This was important 
because proteoglycan binding site(s) other than those on normal 
LDL are exposed and physiologically important on apoB48 LDL n . 

Next, we clarified whether proteoglycan-binding-defective LDL 
undergo normal no n- receptor-mediated transcytosis across the 
endothelium 1,12 and compared their subendothelial retention in 
vivo with that of control LDL. R,K 3 359_33 69 — » S,A and recombinant 
control LDL were labelled with l25 I and injected into the tail vein of 
8-week-old mice. After 20min or 72 h, the mice were perfusion 
fixed, and the aortas were dissected and measured for radioactivity. 
Analysis of aortas 20min after injection of 5 X 10 8 c.p.m. of 125 I- 
LDL showed no difference in the arterial permeability of the 
R>K 33 59_33 6 9 — ► S,A LDL and the control LDL (not shown). How- 
ever, 72 h after injection of 1 X 10 7 c.p.m. of ,25 I-LDL, more 
radioactivity was present in the aortas of mice injected with control 
LDL than of those injected with proteoglycan-binding-defective 
LDL (263 ± 117 versus 701 ± 324c.p.m.; mean ± s.d.; n = 3 per 
group). Thus, proteoglycan-binding-defective LDL are retained less 
efficiently than recombinant control LDL in the artery wall in vivo. 

To determine if elevated levels of proteoglycan-binding-defective 
LDL would be less atherogenic than similar levels of wild-type 
recombinant LDL, transgenic mice expressing the five types of 
human recombinant LDL were fed the atherogenic diet for 20 
weeks. The lipoprotein profiles (Fig. 1) and the cholesterol levels 
were similar in all groups (Table 2), except for the mice expressing 
R>K 3 359_33 69 - *• S,A LDL and particularly those expressing 
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Figure 1 Distribution of cholesterol. Data was assessed by Superose 6 chromatography of 
pooled plasma from five female human-apoB transgenic mice expressing recombinant 
control low -density lipoproteins (LDL) (filled circles) or 6-GBSM LDL (open circles) after 20 
weeks on an atherogenic diet. Very-iow-density lipoproteins correspond to fractions 15- 
20, LDL to fractions 21-29, and high-density lipoproteins to fractions 30-36. 



1^3363 ~ * E LDL, which had a lower plasma LDL-cholesterol level 
owing to lower transgene copy number. 

After 20 weeks, 231 mice were perfusion -fixed. Seven aortas were 
not analysed for technical reasons. The remaining 224 aortas were 
analysed with the en face procedure 13 . The extent of atherosclerosis 
correlated with the plasma concentration of human apoBlOO in all 
groups (Fig. 2). However, transgenic mice expressing proteoglycan- 
binding-defective LDL (R,K3359_33 69 — ► S,A, 6-GBSM, and 
K3363 — ♦ E LDL) had significantly less atherosclerosis than mice 
expressing wild-type control or W 4369 — ► Y LDL (Table 3) 
(P < 0.01). Nontransgenic littermate controls (f? = 5 per group) 
had essentially no atherosclerosis (not shown). However, plasma 
concentrations of human apoBlOO were lower in mice expressing 
R,K3359_3 369 — ► S,A LDL and K 336 3 — ► E LDL than in those expres- 
sing recombinant control LDL, so W 4369 — ♦ Y LDL or 6-GBSM LDL 
(Table 2). We also calculated 95% Boole-Bonferroni simultaneous 
confidence intervals (99% individual confidence degrees) for each 
of the five regression slopes, individually. The intervals for the 
regression slopes of recombinant control LDL and W 4 3 69 — ► Y LDL 
did not overlap with those of the three groups of proteoglycan- 
binding-defective LDL. This finding confirms the pairwise differ- 
ences in the amount of atherosclerosis between the groups. 

These results strongly indicate that proteoglycan-binding-defec- 
tive LDL have a greatly reduced atherogenic potential and provide 
direct experimental evidence that direct binding of LDL to artery 
wall proteoglycans is a key step in atherogenesis. 

To verify that the differences in atherogenicity were due solely to 
different affinities for arterial proteoglycans, we performed several 
control experiments. First, we analysed the formation of conjugated 
dienes in R,K3 359 _33 69 — • S>A LDL and recombinant control LDL 
after copper-stimulated oxidation 14 . The lag phase for the formation 
of conjugated dienes in R,K 3 3 59 _33 69 — S>A LDL and recombinant 
control LDL was 79 ± 6 and 74 ± 8 min, respectively, and the 



Table 2 Lipid, lipoprotein and apoB measurements in transgenic mice expressing recombinant LDL 




Control LDL 


W-osa - Y LDL 


R,K3359_333g — • S.A LDL 


K3353 - E LDL 


6-GBSM LDL 


Total cholesterol 
HDL cholesterol 
Triglyceride 
Human apoBlOO 


8. 43 ± 0.97 
0.78 ± 0.06 
0-18 ± 0.016 
2,334 - 59 


8.43 ± 1.02 
0.76 ± 0.05 
0.17 :r 0.014 
2,326 ± 67 


7.32 ± 0.92* 
0 77 ± 0.04 
0.18 ± 0.015 
1,935 ± 55* 


5.19 ± 0.64* 
0.79 * 0.03 
0.19 ±0.020 
1,424 + 4V 


9.17 * 0.90 
0.75 ± 0.05 
0.18 ± 0.013 
2,518 ± 61 



Plasma Epid and lipoprotein (mmoJ I ! ) and apoB levels kg ml ') in female mice alter 20 weeks on an atherogenic diet. Values are 
n = <S0 per group). 
'P < 0.001 versus control LDL. 



mean ± s.e.m. 1p = 2G per group, except tor human apoBlOO. where 
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Figure 2 Effect on aorta of an atherogenic diet in transgenic mice. The data shows the 
correlation between the percentage of total aortic surface area covered by lesions and the 
plasma concentration of human apoB100 in transgenic mice fed an atherogenic diet for 
20 weeks. Recombinant control LDL (red) and W 4369 — * Y LDL (blue), both with normal 
proteoglycan binding. Proteoglycan-binding-defective Ft.K335s.3369 — » S,A LDL (pink), 
K3363 — 1 E LDL {light green), and 6-GBSM LDL (dark green). The percentage of total aortic 
surface area covered by lesions in mice expressing the recombinant LDL were 5.7 it 1.5, 
5.8 ± 1.7, 2.1 ± 0.66, 0.81 ± 0.36 or 2.7 ± 0.72, respectively (mean ± s.d.). 



maximal rate of conjugated dienes formed was 6.1 ± 0.5 and 
5.8 ± 0.4 molecules min~ l X LDL particle, respectively (mean ± 
s.d.; 11 = 3). Thus, proteoglycan-binding-defective LDL were as 
susceptible to oxidation as recombinant control LDL. 

Next, we incubated minimally oxidized LDL with human and 
mouse macrophages and analysed the inflammatory response. After 
incubation with human monocyte-derived macrophages for 24 h, 
the TNFot concentrations in cell- culture media containing mini- 
mally oxidized R ) K 3 359_ 3369 — S,A LDL or recombinant control 
LDL were not significantly different (42.2 ± 12.5 and 
37.2 ± 10.3 pg per ml medium; mean of duplicate measurements 
of macrophages from two donors analysed separately). Similarly, 
after incubation with minimally oxidized R,K 3 359_33 69 — ► S,A LDL 
or recombinant control LDL for 24 h, bone-marrow derived macro- 
phages from transgenic mice expressing an NFicB-luciferase repor- 
ter gene showed no differences in luciferase activity (mean ± s.d., 
435 ± 36 and 458 ± 64 relative light units per lOjxg protein, 
respectively; n = 4). The concentrations of thiobarbituric-acid- 
reactive substances 15 (TBARS), lipid hydroperoxide (LPO), and 
hydrogen peroxide were the same in the minimally oxidized 
R»K3359„33 69 — S,A LDL and the minimally oxidized recombinant 
control LDL (15 ± 3.5 versus 12.5 ± 4.0nmol MDA per-mg LDL, 
252 ± 45 versus 225 ± 32 nmol per mg LDL, and 2.51 ± 0.85 
versus 3.63 ±1.2 nmol per mg LDL, respectively). 

To exclude differences in binding and uptake of proteoglycan - 
binding-defective LDL and recombinant control LDL in macro- 
phages, LDL were radiolabeled with 125 I and incubated with human 
monocyte-derived macrophages for 6 or 24 h. There were no 
differences in the binding or uptake of recombinant control or 
proteoglycan-binding-defective LDL (Table 3). We also analysed the 




Rgure 3 Plate-assay analysis of the ability of recombinant LDL to interact with biglycan. 
a. Recombinant control LDL from L<Hr~'~ mice (filled circles) or Ldlr* u mice (open 
circles), recombinant R,K 3 353_ 3369 — S.A LDL from Ldlr~''~ mice (filled squares) or 
Ldlr +U mice {open squares), or human plasma LDL (diamonds), b. Recombinant R,K 33S9 _ 
3369 — S,A LDL from Ldlr'^ mice (open squares), recombinant R.^^eg — S.A 
LDL from Ld\r'~ mice with CHD-modified human apoE (open circles), or human plasma 
LDL (filled squares). CHD-modified human plasma LDL (filled circles) were included as a 
negative control. The recombinant lipoproteins were isolated from ten mice each, and 
endogenous apoB was removed by immunoaffinity chromatography. 



accumulation of l4 C-cholesterol esters in macrophages incubated 
with R,K 3 3 5 9_33 69 — ♦ S>A LDL or recombinant control LDL isolated 
from mice injected with [ 1, 2- 14 C] acetate. The macrophages accu- 
mulated similar amounts of l4 C- cholesterol esters after being 
incubated with radiolabeled R,K3 3 59^33 69 — S,A LDL or recombi- 
nant control LDL for 24 h (1,193 ± 263 versus 1,274 ± 382c.p.m. 
per mg cell protein, respectively; mean ± s.d. of duplicate measure- 
ments on macrophages from six donors analysed separately). 

Finally, mice expressing R,K 3 359_33 69 — » S>A LDL or recombinant 
control LDL were bred onto the LDL- receptor-null background 
(Ldlr~ l ~). Because apoE is a ligand for the LDL receptor, the 
recombinant LDL in Ldlr~ f ~ mice become enriched in apoE. 
ApoE also facilitates an indirect interaction between LDL and 
artery wall proteoglycans 16 . Therefore, if the decreased atherosclero- 
tic potential of proteoglycan-binding-defective LDL were due 
solely to its inability to interact with artery wall proteoglycans, 



Table 3 Binding and degradation of 125 I-LDL to human monocyte-derived macrophages 



Membrane-bound LDL 



Intracellular LDL 



Degraded LDL 



! Hours incubated 

; Human LDL 

1 Control LDL 

. W*3S9 — Y LDL 

B,K'v»5o~arja( i ~ * S.A LDL 

! K33S3 — E LDL 

1 6-GBSM LDL 



6 

288 ± 37 
330 ± 23 
2S2 ± 63 
290 ± 76 
242 ± 36 
367 ± 157 



24 

538 ± 295 
787 ± 549 
721 ± 503 
845 ± 720 
812 ± 531 
725 ± 442 



6 

709 ±59 
858 ± 4 
837 ± 1 
835 ±80 
781 ± 75 
798 ± 122 



24 

1,543 ± 185 
1,822 ± 344 
1,824 ± 418 
1,762 ± 761 
1,830 ±407 
1,814 ± 393 



6 

1.535 ±21 
1,563 ± 14 
2.033 ± 28 
1.829 ± 333 
1,834 ± 207 
1.748 ± 478 



24 

3,857 ±1,031 

5.381 ± 1 .802 
4.775 ±1.156 
4.340 ± 1.051 

4 .382 ± 1 ,351 
5,068 ± 1.050 



Macrophages ware incubated in mecfium containing 12£ i-labefled LDL tor 6 or 24 h. Mernbrane-bound. ceS-associatsd. and degraded LDL were measunxl and expressed as ng LDL oer mg cefl protein. 
Vohjes are mean - s.d. of tnpacale measurements on jnacropnages from 6ve donors {for 24h) or two donors (tor 6h). analysed separately. No standicanl deferences were found between recombinant 
proteo^/carKjsnding LDL and prmeor^ycan-dindirtCrdefecUve LDL (pared Studenl's /-test). 
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enrichment in apoE would restore its atherogenicity. 

Recombinant wild-type control LDL and R,K3js9_3369 — * S,A 
LDL from Ulr +! + or Ldlr~ ! ~ mice were subjected to plate-assay 
analysis with biglycan. R > K 3 35 9 _3 36 9 — ► S>A LDL from Ldlr~ f ~ mice 
(that is, apo-E enriched proteoglycan-binding-defective LDL) inter- 
acted normally with biglycan, whereas R,K3359_33 69 — ♦ S,A LDL 
from Ldlr +/ ~ mice displayed severely defective binding to biglycan 
(Fig. 3a). These results were verified in binding experiments with 
the total proteoglycan fraction from aortic smooth muscle cells (not 
shown). 

To confirm the role of apoE in binding to proteoglycans, we 
incubated R,K 3 35 9 _3 369 -* S>A LDL from Ldlr~ f ~ mice with a 200- 
fold molar excess of cyclohexanedione (CHD) -modified apoE 
isolated from human very-low-density lipoprotein 17 . In two inde- 
pendent experiments, replacement of the endogenous apoE with 
CHD-modified human apoE abolished the binding to biglycan (Fig. 
3b). We also analysed the binding affinity of R,K 3 359.3359 — • S,A 
LDL isolated from Ldlr~~ l ~ or Apoe~'~ mice. ApoE-enriched 
R>K3359_ 3 369 — * S,A LDL from Ldlr~ l ~ mice bound biglycan with 
high affinity (128 ± 21% of control LDL), whereas apoE-depleted 
R > K 3 35 9 _3 369 — ♦ S,A LDL from Apoe~ l ~ mice displayed severely 
defective binding (6 ± 3% of control LDL). 

To determine whether apoE enrichment increases the athero- 
genicity of proteoglycan-binding-defective R,K 3 35 9 _3 369 — * S,A 
LDL, we performed atherosclerosis studies in 6-month-old mice. 
Ldlr~ / ~ mice expressing R,K 3 3 59 _33 69 — > S,A LDL or recombinant 
control LDL developed the same amount of atherosclerosis in both 
the proximal aortic root (15.8 ± 6.2 and 14.0 ± 4.6% fraction area 
of lesion, respectively) and distal aorta (4.54 ± 1.31 and 
3.94 ± 0.89% of total aorta area, respectively). Thus, the reduced 
atherogenicity of proteoglycan-binding-defective LDL is dependent 
on its lower affinity for artery- wall proteoglycans, and the reduced 
atherogenicity can be restored by apoE enrichment. The lipoprotein 
profiles (not shown) and the plasma cholesterol levels were similar 
in transgenic Ldlr~ f ~ mice expressing recombinant control LDL or 
R > K 3 359-3369 S,A LDL (mean ± s.e.m., 15.5 ± 1.3 and 
14.7 ± 1.1 mmoll" 1 , respectively; n = 0). 

Recombinant LDL from Ldlr~'~ mice contained approximately 
10-fold more apoE than recombinant LDL from Ldlr*~ !+ mice. 
Likewise, the atherogenic diet duplicated the amount of apoE on the 
recombinant LDL in Ldlr +l * mice. The explanation for this is 
probably a diet-induced down- regulation of LDL receptors. There- 
fore, proteoglycan-binding-defective LDL from Ldlr^^ mice dis- 
played significantly more proteoglycan-binding activity when mice 
were fed the atherogenic versus the chow (normal food) diet 
(29 ± 6% and 9 ± 5% of control LDL, respectively). Recombinant 
control LDL and R,K33 59 _3 369 — ► S,A LDL showed identical apoE 
enrichment after high-fat feeding, and when bred into Ldlr~*~ 
mice. 

Mouse LDL often contain apoE, but apoBlOO is the sole apolipo- 
protein on human LDL. Thus, bridging molecules are probably less 
important than a direct interaction between apoBlOO and proteo- 
glycans for subendothelial retention of atherogenic lipoproteins in 
humans. Retained lipoproteins can directly or indirectly provoke all 
known features of early lesions and, by stimulating local synthesis of 
proteoglycans, can accelerate further retention and aggregation 3 . 
Thus, atherosclerosis is initiated by subendothelial retention of 
atherogenic lipoproteins. □ 

Methods 

Human apo-B transgenic mice 

The human apoB transgenic mice were back-crossed for three generations with C57BL/6 
mice or for five generations with Ldh~ J ~ mice on C57BL/6 background (Jackson 
Laboratory). Mice expressing an NFkB- luciferase reporter gene were a gift from H. Ca risen 
and R. Blomhoff. 

Plasma lipid and lipoprotein measurements 

The plasma concentrations of human apoBlOO were measured by enzyme-linked 
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immunosorbent assay (ELISA) using the antihuman apoB antibody 1D1 1 * and a 
horseradish peroxidase (HRP)-conjugated polyclonal antihuman apoB antibody (The 
Binding Site). The distribution of lipids within the plasma lipoprotein fractions was 
assessed by fast-performance liquid chromatography (FPLC) gel filtration using a 
Supcrose 6 HR 10/30 column (Pharmacia)**. 

Plate-assay analysis with biglycan 

Maxisorp immunoplates (NUNC) were coated with biglycan (lOjigml -1 ) in HEPES- 
bufrcred saline (HBS) (20 mM HEPES, 150 mM NaCl, pH 7.4) overnight at room 
temperature (RT, 22 °C), and blocked with HBS with 1% bovine serum albumin (BSA) for 
I h at RT. The samples of LDL in HBS buffer with 2 mM CaCl 2 and 2 mM MgCl ; were 
added to the wells, and incubated for 1 h at RT The plates were then incubated with the 
same buffer supplemented with lipoprotein-defieient serum (diluted 1:50) for 30 min. To 
each well, 100 ftl of a HRP-conjugated polyclonal antibody against human apoB (The 
Binding Site) (diluted 1:750 in HBS with 0.1% BSA and 0.02% Tween 20) was added and 
incubated at RT for 1.5 h. Finally, 100 ul of Turbo TMB- ELISA (Pierce) substrate was 
added and incubated for 5 min. 

Analysis of atherosclerotic lesions in the proximal aortic root 

The heart and 1 mm of the thoracic aorta were embedded in OCT Tissue-Tec medium 
(Histolab), frozen in dry ice and isopentane, cut into 10-jun -thick cross-sections, and 
stained in 0.5% Oil Red 0\ The fraction area of lesion was calculated by dividing the 
surface of the lesion by the surface of the vessel. This corrects for errors caused by oblique 
sections 20 . 

Competition of mouse apoE with chemically modified human apoE 

Recombinant R,K 3i5 9_ 3369 — S,A LDL was isolated 7 and incubated with a 200-fold molar 
excess of CHD-modified apoE from human very-low-density lipoproteins 21 . The free apoE 
was removed from the recombinant LDL by ultracentrifugation 7 (d = 1.063 g ml" 1 ). The 
top 1 ml was recovered and separated on a Superose 6 HR 10/30 column. The CHD- 
modified samples were incubated with an equal volume of 1 M hydroxylamine, 0.3 M 
mannitol, pH 7.0, at 37°C for 16 h to reverse the modification of the arginine residues 
before gel electrophoresis. j 

Monitoring LDL oxidation 

LPO was quantitated with the Lipohydrox kit (Walc-Chemie Medical, Germany). The 
H 2 0 2 content was measured with the Bioxytech H 2 O 2 -560 assay (Oxis International, 
USA). 

Macrophage preparation 

Human monocyte-derived macrophages, prepared separately from buffy coats 
(lymphocyte fraction of whole blood) from five donors and obtained from Swedish blood 
banks, were isolated as described". 

Uptake and degradation of LDL 

Human LDL and recombinant mouse LDL were labelled with ,25 T (Amersham 
International) to a specific activity of 46-54 cp.rn.ng~ 1 (ref. 23). Macrophages were 
incubated in medium with 125 l-labelied LDL (50 jig ml" ') for 6 or 24 h. The membrane- 
bound, the cell-associated and the degraded LDL were determined 2 *, and expressed as ng 
LDL per mg cell protein. In another experiment, mice expressing recombinant control 
LDL or R,K 3M9 ^j3 6q — SA LDL were injected intravenously with 80 uCi [ l,2- l4 C]acetatc 
(Amersham International) 3, 5 and 10 days before the mice were sacrificed and the 
recombinant LDL isolated 7 . Macrophages were incubated with u C-labclled LDL 
(50 ug ml -1 ) for 24 h. Lipids were extracted from the cells", and the radioactivity in U C- 
cholesterol esters was measured after separation by thin-layer chromatography (Silica Gel 
G) in hexane-diethylether-glacial acetic acid (80:20: 1 v/v). 

Measurement of TNFa secretion in human macrophages 

Human macrophages were cultured for 6 days in RPMT 1640 medium (Bio Whittaker) 
with 10% human serum and 10% FCS. Macrophages were then incubated for 24 h in 
serum-free medium containing human or recombinant minimally modified LDL 
( 1 00 jtg ml " '). The medium concentration of TNFa; was measured by high-sensitivity 
EUSA for TNFa (R&D Systems) and correlated to cell protein content. j 

Lucif erase measurement in bone-marrow-derived mouse macrophages ) 

Bone-marrow-derived mouse macrophages were isolated from the femurs of female ■ 
NFKB-luciferase reporter mice 2 * and seeded at 1 X 10 6 cells mP 1 in RPM1 1640 containing 
10% fetal bovine serum (FBS) and 10% L-cell conditioned medium 27 . Nonadherent cells 
were removed 24 h later, resuspended at the same density in fresh medium, and cultured 
for 6 days until confluence was reached. The mouse macrophages were then incubated for 
24 h in scrum-free medium containing minimally modified human or recombinant LDL 
(lOOfigml -1 ). Luciferase activity (Luciferase Assay System, Pro mega) was determined j 
and normalized for protein content. j 

Retention of LDL in vivo j 

Recombinant control LDL and RJC3359.3J69 — SA LDL were isolated 7 and radiolabeled ! 
with ,25 I using Iodogen (Pierce) 2 *. The specific activity of the recombinant control j 
LDL and the R.Kj, 3S9 _ 3J6 o — SA ,2S I-LDLwas 300 cp.rn. ng" 1 . 

I 

Statistical analysis 

Differences in atherosclerosis and lipid levels were assessed by analysis of variance 
(A NOVA) on ranks and multiple comparison analysis. 
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T-box gene tbx5 is essential for 
formation of the pectoral limb bud 
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The T-box genes Tbx4 and Tbx5 have been shown to have key 
functions in the specification of the identity of the vertebrate 
forelimb (Tbx5) and hindlimb (Tbx4) 1,2 . Here we show that in 
zebrafish, Tbx5 has an additional early function that precedes the 
formation of the limb bud itself. Functional knockdown of 
zebrafish tbx5 through the use of an antisense oligonucleotide 
resulted in a failure to initiate fin bud formation, leading to the 
complete loss of pectoral fins. The function of the tbx5 gene in the 
development of zebrafish forelimbs seems to involve the directed 
migration of individual lateral-plate mesodermal cells into the 
future limb-bud-producing region. The primary defect seen in 
the fbx5-knockdown phenotype is similar to the primary defects 
described in known T-box-gene mutants such as the spadetail 
mutant of zebrafish 3,4 and the Brachyury mutant of the mouse 5 , 
which both similarly exhibit an altered migration of mesodermal 
cells. A common function for many of the T-box genes might 
therefore be in mediating the proper migration and/or changes in 
adhesive properties of early embryonic cells. 

The formation of vertebrate limbs involves a complex series of 
morphogenetic events, including the specification of limb fields 
within the lateral-plate mesoderm, induction of the limb buds at 
appropriate axial levels, and the initiation and patterning of distal 
limb outgrowth 6,7 . During early stages of vertebrate limb morpho- 
genesis, Tl)x5 is strongly expressed within the forelimb buds of a 
variety of vertebrate species 8 " 13 . Recent misexpression studies have 
shown that this gene and a closely related gene, Tbx4, which is 
expressed within the hindlimb bud, are crucial in the determination 
of limb identity and the regulation of limb outgrowth'* 2 . However, 
the initiation of Tbx5 expression within the anterior lateral -plate 
mesoderm, which supplies the forelimb progenitor cells, precedes 
the emergence of visible forelimb buds 8-11,13 , Indicating that this 
gene might have additional early functions in forelimb develop- 
ment. To investigate the possibility of an earlier function for the 
Tbx5 gene during vertebrate forelimb development, we generated a 
knockdown phenotype in zebrafish, using antisense oligonucleo- 
tides containing morpholino moieties in their backbones. These 
rnorpholino' oligonucleotides are thought to exert their inhibitory 
effects through physical blocking of the translational initiation of 
target messenger RNAs, and also have been shown to exhibit a low 
toxicity and high specificity in a variety of in vivo systems 14 , 
including the fertilized eggs of zebrafish 15 . 

We designed two different morpholino oligonucleotides for the 
tbx5 gene of zebrafish, one recognizing the first 25 bases of the 
coding sequence, the other targeting a sequence of a similar size but 
located within the 5' untranslated region (UTR), ten nucleotides 
upstream of the initiation cod on. The effectiveness of these oligo- 
nucleotides in inhibiting the translation of target mRNAs was first 
examined by an assay in vivo using chimaeric mRNAs in which the 
coding sequence of the gene encoding enhanced green fluorescent 
protein replaced the coding sequence of ibx5 in frame after the first 
27 bases. Both oligonucleotides were able to block the translation of 
the green fluorescent protein when injected together with the test 
mRNA into the early-stage embryo, whereas the control oligonu- 
cleotide designed for the 5' UTR sequence of the zebrafish tbx4 gene 
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